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Flavonoids play an important role in the grain color and flavor of rice. Since their characterization in maize, the 
flavonoid biosynthetic genes have been extensively studied in grape, Arabidopsis, and Petunia. However, we are still 
a long way from understanding the molecular features and mechanisms underlying the flavonoid biosynthetic path- 
way. The present study was undertaken to understand the physiological factors affecting the transcription and regula- 
tion of these genes. We report that the expression of CHI, CHS, DFR, LAR, and ANS, the 5 flavonoid biosynthetic genes 
in different rice varieties, differ dramatically with respect to the stage of development, white light, and sugar concen- 
trations. We further demonstrate that white light could induce the transcription of the entire flavonoid biosynthetic 
gene pathway; however, differences were observed in the degrees of sensitivity and the required illumination time. 
Our study provides valuable insights into understanding the regulation of the flavonoid biosynthetic pathway. 



Introduction 

Rice is generally categorized by caryopsis color into red, 
green, black, or white varieties. The color of rice is due to 
the composition of anthocyanin pigments that are ubiquitous 
throughout the plant kingdom. It is well known that black and 
red rice possess rather stronger antioxidant capacity because 
of their rich anthocyanin and proanthocyanin content, which 
play an important biological role in reducing the risk of oxida- 
tive damage, cancer, and cardiovascular disease. 1,2 These com- 
pounds belong to a large class of flavonoids and are derived 
from a group of phenolic secondary metabolites in plants. All 
flavonoids possess a basic benzopyrene skeleton, which is syn- 
thesized through the sequential condensation reaction of a - 
coumarone-coenzyme A (-coumaroyl-CoA) and 3 molecules of 
malonyl-CoA. In addition to subtle modifications in the benzo- 
pyrene itself, flavonoids are further diversified by the addition 
of various moieties to the basic structure, such as hydroxyl and 
methyl. 3,4 

A number of studies have described the majority of genes 
and enzymes involved in the flavonoid biosynthetic pathway of 
maize, Arabidopsis, and Petunia (Fig. I). 5 " 8 Synthesis of antho- 
cyanin and proanthocyanin utilizes the same early and middle 
steps of the flavonoid biosynthetic pathway, including chalcone 
synthase (CHS), chalcone isomerase (CHI), and dihydrofla- 
vonol 4-reductase (DFR). Proanthocyanin is synthesized by 



leucoanthocyanidin reductase (LAR), while anthocyanidin is 
synthesized by anthocyanidin synthase (ANS). A portion of the 
anthocyanidin is converted into proanthocyanin by anthocy- 
anidin reductase (ANR) (Fig. I). 9,10 

A previous study identified the genes in rice that encode 
homologs of CHS and CHI based on sequence homology. 11 ' 12 
Similarly, a functional DFR gene was revealed when over 
expressing transgenic rice was found to produce red-colored 
pericarp. 13 ANS, a key enzyme in the conversion of colorless 
leucoanthocyanidin to colored anthocyanidin, was initially iso- 
lated from maize, snapdragon, and Petunia! 1 ANS was recently 
detected in rice by homology research. 14 Chen et al. 15 reported 
that black rice contains 3 kinds of anthocyanin pigments; how- 
ever, red rice contains only one micromolecule anthocyanin 
pigment (malvidin). Moreover, the content of anthocyanin 
pigment in black rice was 20-fold higher than that in red rice. 
There was no significant difference in total phenolic content 
between black and red rice as determined by high-performance 
liquid chromatography (HPLC). 15 The fact that there are signifi- 
cant differences in the anthocyanin type and content in various 
rice varieties in different tissues is interesting. It is possible that 
variations in anthocyanin type and content have an evolutionary 
significance for specific plant species. Therefore, the analysis on 
regulation for some of the putative rice anthocyanin biosynthesis 
pathway genes could provide novel resources for future research 
in understanding the flavonoid biosynthetic pathway in rice. 
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Figure 1. Synthetic process of flavonoid. CHS, chalcone synthase; CHI, 
chalcone isomerase; F3H, flavanone 3 hydroxlyase; DFR, dihydroflavo- 
nol 4-reductase; LAR, leucoanthocyanidin reductase; ANR, anthocy- 
anidin reductase; ANS, anthocyanidin synthase; FLS, flavonol synthase; 
UFGT, UDP-glucose flavonoid 3-o-glucosyl transferase. 



Sugar is a common regulator of gene expression for metabolic 
enzymes and proteins involved in photosynthesis, carbohydrate 
metabolism, pathogenesis, 16 and anthocyanin biosynthesis. 17 
In addition, Baier et al. 17 reported that the interrelationships 
between developmental, environmental, and metabolic signal 
transduction pathways control the production of flavonoids, 
and anthocyanin biosynthesis was often observed in plants 
grown on media containing sugar. CHS was induced by sugars 
in transgenic Arabidopsis leaves, 18 while Petunia corollas cul- 
tured in vitro without sucrose (Sue) were devoid of pigmenta- 
tion. 19 DFR and ANS were strongly increased by Sue in grape 
{Vitisvinifera) cells. 20,21 Additionally, microarray analysis of 
Arabidopsis pho 3 adult leaves indicated an enhanced expression 
of the transcription factors Production Of Anthocyanin Pigment 
1 {PAP 1 and PAP 2) and Transparent Testa 8 (TT 8), as well 
as genes encoding anthocyanin biosynthesis enzymes, indicated 
that sugars are in vivo triggers of anthocyanin biosynthesis. 22 A 
similar phenomenon has been reported in response to glucose 
(Glc), which induces flavonoid biosynthesis in Arabidopsis; 23,24 
however, responses to Sue and Glc in rice require further 
investigation. 

Light has been implicated as an important environmental 
factor regulating plant development and gene expression. 25 " 27 
Previous studies have shown that anthocyanin pigment accu- 
mulation and CHS transcription levels increased in response 
to light in Arabidopsis seedlings. 28 So far, there has been con- 
siderable research regarding the effects of high-intensity white 
light on gene function and regulation indicating that specific 
photoreceptors affect gene activation and pigment accumula- 
tion induced by visible wavelengths. 25 " 31 Moreover, there are 



researches about induced reaction involved in white light in 
Arabidopsis, 32 but no reports exist that deal with flavonoid bio- 
synthesis gene expression in colored rice. 

The goal of our study was to determine whether white light 
and sugars affect expression of genes involved in the rice flavo- 
noid biosynthetic pathway. Since flavonoids result in different 
coloration of the rice grain, such as black, red, green, and white, 
we also compared the flavonoid content and composition of 
these distinctly colored rice grains." 

Results 

Analysis of flavonoid biosynthetic gene transcript levels in 
different tissues during vegetative growth 

Results of analysis of flavonoid biosynthetic gene expression 
in plants using real-time PCR are shown in Figure 2. The levels 
of flavonoid biosynthesis gene transcripts varied according to 
the gene, tissue, and colored rice strain. The expression level of 
the CHS gene, which catalyzes the first step of the phenylpro- 
panoid pathway leading to flavonoid production (Fig. 1), var- 
ied greatly depending on tissue type and colored rice varieties 
(Fig. 2 CHS). The transcript levels of CHS in the roots of red 
rice were the highest among the different colored rice varieties. 
Moreover, significant differences were observed in different tis- 
sues of the same colored rice; CHS transcript levels in the roots 
of red rice was almost 20-fold higher than those of sheath and 
flag leaf, while CHS expression was barely detected in tillering 
leaf. Likewise, the roots of green rice presented higher tran- 
script levels than other tissues, such as sheath and flag leaf, but 
their expression was almost completely absent in tillering leaf. 
Transcript levels of CHS were lower in all tissues of black rice 
compared with the other rice strains, and expression was barely 
detected in flag leaf. 

CHI gene expression pattern was found to be similar to 
that for CHS, with the highest expression observed in the root 
(Fig. 2 CHI). The CHI transcript levels in roots followed the 
rank order: green > red > black > white rice, and differed greatly; 
for example, green rice was 56-fold higher than white rice, and 
twice that of red rice. However, transcript levels could barely be 
detected in the tillering leaf of green rice. 

DFR was present at significantly higher transcript levels in 
the roots and sheath of green rice, and the roots of red rice 
(Fig. 2 DFR). In contrast, its expression was almost absent in 
tillering leaf of green rice. Significant differences in DFR levels 
were also observed in the roots of different colored rice strains. 
Green rice showed a 2-fold greater transcript level than black 
rice. 

Roots of all the rice varieties were found to have the high- 
est expression levels of LAR with highest expression being 
observed in green rice followed by black, red, and white (Fig. 2 
LAR). ANS was present in all tissues of all the rice varieties 
tested including common (white) rice (Fig. 2 ANS). Besides, 
its transcript levels were found to be higher in roots than other 
tissues in red and black rice varieties. These transcript levels 
were not specific in common rice and were found to be lower 
in whole plants as expected. Figure 2 showed that roots had the 
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Figure 2. Transcription levels of flavonoid biosynthesis-related genes in different tissues of different rice strains. Note: Error bars represent SD values 
for the means of 3 biological replicates, each determined in triplicate. White rice was expressed as control. 



highest transcript levels of all the anthocyanin genes studied 
while the tillering leaves showed the lowest expression levels of 
these genes. In addition, fluctuations in the expression of the 5 
flavonoid biosynthesis genes indicated that the transcript levels 
of genes of flavonoid biosynthesis pathway in root did not coor- 
dinate with the down-stream genes (Fig. 3A). This is evident 
from the transcript level of CHS in the root of red rice, which 
(5.31) was higher than that of green rice (3.38), whereas, CHI 
level of red rice was much lower than that of green rice (58.89). 
We did not observe any significant differences in the expres- 
sion levels of the gene of down-stream of flavonoid biosynthetic 
pathway. It can be speculated that the genes are regulated inde- 
pendently of each other, at least for colored rice. 

Analysis of transcript levels of flavonoid gene expression 
during grain filling 

Rice 5 flavonoid biosynthesis genes were found to be 
expressed throughout caryopsis development, and there were 



not almost varied in different checked stage and tissue in white 
rice. In contrast, we found significant differences in the tran- 
scripts levels of CHS, CHI, DFR, LAR, and ANS in differ- 
ent colored rice varieties tested and at different developmental 
stages of the same variety (Table 2). For example, the transcript 
levels of the 5 flavonoid biosynthetic genes of colored rice, in 
the caryopsis all reached dramatically high levels in the second 
stage (5 d), with a subsequent decrease in the third stage (7 d). 
Besides, 5 genes existed in expression difference in different col- 
ored rice strains. For example, DFR in the second stages of red 
rice showed about 7-fold greater transcript levels than that of 
black rice, and about 160-fold greater transcript levels than that 
of the other colored rice strains. ANS levels in the second devel- 
opment stage of black rice were more than 8-fold and 5-fold 
higher than red and green rice, respectively. LAR transcript lev- 
els in red rice were the highest among the colored rice. Gene 
transcript levels in the different development stages were found 
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Table 1. List of RT-PCR primers for flavonoid genes 



Figure 3. Transcription levels of flavonoid biosynthesis-related genes in 
different colored rice strains. Note: (A) Transcription levels of flavonoid 
biosynthesis-related genes in root of different colored rice strains. (B) 
Transcription levels of flavonoid biosynthesis-related genes in the sec- 
ond stage of caryopsis development of different colored rice strains. 



to significantly differ from 44-fold to hundreds-fold in black 
rice, while CHI in the second stage was about 2 - and 19-fold 
greater than the first and third stages, respectively. Likewise, 
ANS in the second stage was about 235 - and 15 -fold greater 
than the first and third stages, respectively. Furthermore, this 
data shows that the expression levels of ANS and LAR, which 
are derived from the common up-stream gene DFR in the flavo- 
noid biosynthesis pathway, are correlated; for example, Table 2 
shows that during conditions resulting in elevated expression of 
DFR, LAR (767.12) transcription was 14-fold higher than that 
of ANS (51.65) in red rice. In contrast, the ANS (419.23) tran- 
script level was about 4-fold higher than that of LAR (102.12) 
in black rice. Fluctuations in the expression of the 5 flavonoid 
biosynthesis genes are regulated independently of each other as 
expression of root (Fig. 3B). Therefore, it can be further specu- 
lated that the genes are regulated independently of each other 
in rice. 

Flavonoid biosynthesis gene expression levels varied in the 
endosperm of different colored rice strains (Table 2). The levels 
of expression in green and black rice were higher than those in 
white rice, while there was hardly expression in red rice. 

Expression of flavonoid biosynthesis genes in response to 
sugars 

This study analyzed 5 flavonoid biosynthesis genes used 
black rice response to sugar. The results showed that the expres- 
sion of DFR, LAR, and ANS are strongly induced in response 
to Sue (Fig. 4). For example, 0.2 M Sue strongly induced DFR 
and ANS transcription levels to about 7 - and 4-fold greater 



Locus ID 


Primer 


Sequence (5' -> 3') 


Product 
size/bp 


CHS AC1 36226 


F 
R 


CATGGACTATTTGGGGATGG 
AATGTGTCG A GCAAGCACTG 


226 


CHIXM-470129 


F 
R 


AGAAGTTCAC GAGGGTGACG 
G AGTGGGTG A AGAGG ATGG A 


195 


DFRY07956 


F 


GTCAAG ATG A CCGG ATGG AT 


217 


R 


AACTGCACCT GCTTCAGG AT 


ANSY07955 


F 
R 


CTCTCCTGGG TCGTCTTCTG 
TATC ATTCCG TTCG ATGC AG 


184 


LAR BN000704 


F 

R 


CTTCATCTGC TGCAACTCCA 
GTGCACGATC TTGTTG ATGC 


195 



than control, respectively. Besides, flavonoid biosynthesis genes 
presented in a dose dependent manner for different genes. For 
example, treatment with 0.4 M Sue resulted in the highest 
LAR, CHI, and CHS transcript levels, while treatment with 0.2 
M Sue presented the highest level for DFR and ANS. Glc was 
found to strongly repress transcription of all the genes in this 
study. For example, DFR showed 50-fold lower expression levels 
with Glc and a 200-fold lower expression in response to treat- 
ment with a mixture of Glc and Sue. Therefore, Glc was found 
to negatively regulate flavonoid biosynthesis gene transcription. 

Expression of flavonoid biosynthesis genes in response to 
white light 

White light was found to induce the transcription of all of 
the flavonoid biosynthetic genes, with exposure-dependent dif- 
ferences observed (Fig. 5). DFR, LAR, ANS, and CHI tran- 
script levels with 24-h exposure were greater than those at 16 
h. In contrast, CHS transcript levels at 16 h were greater than 
those observed at 24 h. Moreover, differences were observed in 
the transcript levels of genes with exposure to white light; for 
example, white light strongly affected DFR expression, increas- 
ing 8 — and 9-fold at 16 and 24 h, respectively. Likewise, maxi- 
mal CHS expression was observed at 16 h (7-fold greater than 
control). Subsequently, levels decreased with increasing expo- 
sure time; CHS at 24 h was 5-fold higher than that of control. 

Discussion 

Low transcription levels for the 5 flavonoid biosynthesis 
genes were observed in all white rice tissues as expected, and 
these levels showed minimal variation, especially during cary- 
opsis formation (Fig. 2). Therefore, the low flavonoid content 
and colorlessness of white rice is due to the lower expression 
of flavonoid biosynthetic pathway genes. In contrast, signifi- 
cant differences in gene expression were observed among the 
3 colored rice varieties, and occurred to specificity for spatial 
and temporal. The DFR gene was detected in overexpressing 
transgenic rice observed to produce red-colored pericarp. 13Tlble 2 
shows that red rice caryopsis possessed high DFR transcript 
levels (8493.02). This concurs with the results from the study 
by Furukawa et al., 13 that the red pericarp is derived mainly 
from the strong expression of DFR. Red rice was also found to 
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contain a rather high LAR (767.12) tran- 
scription level while black rice showed a 
relatively high ANS (419.23) transcription 
level compared with LAR. The difference 
in expression levels of ANS in black and 
red rice corroborates the results of Chen 
et al. 15 that black rice contain rich antho- 
cyanin pigments derive from higher ANS 
expressions. This study may speculate red 
rice contains higher proanthocyanin con- 
tent because of higher expression of LAR. 
Low transcription levels of the 5 flavonoid 
biosynthesis genes were detected in white 
rice, and high levels were found in red 
and black rice. Therefore, the color of rice 
grains is governed by their phenolic con- 
tent, which is higher in black and red rice 
as compared with white and green rice. 
Furthermore, our study shows that the 
endosperm of all colored rice varieties has 
lower transcript levels of the flavonoid bio- 
synthetic genes as compared with the seed 
capsule resulting in lower levels of anti- 
oxidants in the endosperm. This informa- 
tion is vital to studies that aim to extract 
anthocyanins from plants for medicinal 
purposes. Higher transcript levels of the 
5 flavonoid biosynthetic pathway genes 
among colored rice varieties indicate the 
possibility that a strong promoter or other 
factors that induce the up-stream gene 
transcription of the flavonoid biosynthetic 
pathway exist in these rice varieties. The 
excessive accumulation of anthocyanin 
and proanthocyanin in seed capsule of 
black and red rice is likely driven by this 
promoter. It has been previously reported 
that long hypocotyl 5 (a Leu-zipper TF) and 
phytochrome-interacting transcription fac- 
tor 3 (PIF3) binds directly to the promot- 
ers for anthocyanin structural genes, such 
as CHS, CHI, F3H, DFR, and LDOX, 
in Arabidopsis? 3,34 Further research is required to elucidate 
the triggers responsible for the dramatic increase in flavonoid 
biosynthetic gene transcription in rice. Reddy et al. 14 reported 
that increased accumulation of anthocyanin was accompanied 
by a concomitant decrease in proanthocyanidin. Consistent 
with these results, our results demonstrate a strongly competi- 
tive mechanism between anthocyanin and proanthocyanidin 
(Fig. 6). These results further explain the high anthocyanin 
content of seed capsule of black rice, and the rich proantho- 
cyanin content of seed capsule of red rice. The expression of 
anthocyanin biosynthetic genes appears to be highly coordi- 
nated in grape skin during berry development and in bilberry 
fruit development. 35 Similar to the result for grape and bilberry, 
direct associations between CHS, CHI, and DFR in the dicot 



Table 2. Expression levels of flavonoid biosynthetic genes in caryopsis and endosperm 





Gene expression (2 iict ) of caryopsis 8 


Gene expression 


3 d 


5 d 


7d 


(2 iict ) of 
endosperm 3 


CHS 










White rice b 


1 


1 


1 


1 


Green rice 


0.27 ± 0.05 


4.1 8 ± 1.02 


2.63 ± 0.93 


3.72 ± 0.88 


Red rice 


0.21 ± 0.03 


8.86 ± 1 .40 


3.52 ±0.1 9 


nd 


Black rice 


1 .85 ± 0.39 


78.11 ±8.18 


3.40 ± 0.32 


6.01 ± 0.66 


CHI 










White rice b 


1 


1 


1 


1 


Green rice 


2.04 ± 0.09 


13.80 ±6.1 6 


1 .43 ± 0.24 


11.32 ±7.79 


Red rice 


2.98 ± 1.10 


50.24 ± 14.45 


1 .02 ± 0.08 


nd 


Black rice 


10.68 ±0.1 3 


27.46 ± 6.23 


2.28 ± 0.60 


1.46 ±0.61 


DFR 










White rice b 


1 


1 


1 


1 


Green rice 


2.67 ±2.57 


51.68 ±0.85 


1.39 ±0.1 3 


18.1 8 ±2.98 


Red rice 


1 300.80 ± 
401 .25 


8493.02 ± 726.74 


27.35 ±1.05 


0.04 ± 0.02 


Black rice 


1.28 ±0.1 3 


1267.71 ±115.07 


224.71 ± 78.03 


6.85 ± 3.70 


ANS 










White rice b 


1 


1 


1 


1 


Green rice 


0.46 ± 0.1 1 


79.84 ±35.0 


37.02 ±0.69 


1.78± 1.14 


Red rice 


1.58 ±0.1 4 


51.65 ±22.59 


4.50 ± 1 .89 


nd 


Black rice 


1 .78 ± 0.58 


41 9.23 ± 24.08 


28.20 ± 1 .70 


2.30 ± 0.32 


LAR 










White rice b 


1 


1 


1 


1 


Green rice 


0.23 ± 0.1 3 


33.22 ±0.85 


1.23 ±0.30 


1 .39 ± 0.77 


Red rice 


32.20 ± 0.63 


767.12 ±71.08 


4.49 ± 1.71 


nd 


Black rice 


0.96 ± 0.1 1 


102.12 ± 15.70 


1 .48 ± 0.48 


2.50 ±0.1 7 



Note: a Values expressed as means ± SD (n = 3). White rice b expressed as control, nd described 
rather lower expression level. RNA of caryopsis were extracted from 3, 5, and 7 d after flowering. 
RNA of endosperm were extracted from 5 d after flowering. Transcript levels were quantified by 
reverse transcription (RT)-qPCR (for details, see Materials and Methods). 



model plant Arabidopsis and the flux of intermediates into dif- 
ferent flavonoid products were found to be controlled by the for- 
mation of metabolons. 36 ' 37 However, Clive-Lo and Nicholoson 25 
reported that the expression of flavonoid biosynthesis genes was 
not coordinated in sorghummesocotyl. Our study reiterates the 
findings of Clive-Lo and Nicholoson 25 by demonstrating that 
the 5 flavonoid biosynthesis genes analyzed were independently 
expressed in monocot rice (Fig. 3). Presumably significant dif- 
ferences exist between monocot and dicot expression modules, 
at least with respect to rice. 

Several studies have investigated the sugar-induced accu- 
mulation of anthocyanins. The genes encoding DFR and 
ANS were found to be upregulated, and anthocyanin accu- 
mulation was significantly increased by exposure to Sue in 
grape cells. 21 Solfanielli et al. 24 reported that flavonoid and 
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Figure 4. Effect of sugar treatment on flavonoid biosynthesis-related 
gene transcription levels. Note: Error bars represent SD values for the 
means of 3 biological replicates, each determined in triplicate. 




Figure 5. The effect of white light treatment (12, 16, and 24 h) on bio- 
synthesis-related gene transcript levels. Note: Error bars represent SD 
values for the means of 3 biological replicates, each determined in trip- 
licate. Twelve h expressed as control. 
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Figure 6. Comparison of expression levels of downstream genes in fla- 
vonoid biosynthesis pathway between red and black rice. 



anthocyanin biosynthesis pathway genes were strongly upreg- 
ulated following Sue treatment, affecting both flavonoid and 
anthocyanin contents in Arabidopsis. This was particularly evi- 
dent for CHS, CHI, and DFR in this study. Excised Arabidopsis 
leaves showed anthocyanin accumulation and increased levels 
of CHS, CHI, and DFR mRNAs in response to Sue supple- 
mentation. 18,38 The expression of grape DFR was found to be 
responsive to Suc. 21 Suc, but not Glc and Fru, was found to 



induce PAP1 and ANS mRNA levels in Arabidopsis and trig- 
ger a dominant increase in anthocyanin synthesis. 24 In contrast, 
Gollop et al. 20,21 reported that the induction of anthocyanin 
biosynthetic genes by sugars was rather unspecific, and Glc 
and Fru as well as Sue treatments resulted in the induction of 
DFR and ANS in grape. Similar to Solfanelli's result in rice, our 
study showed that Sue significantly induced the transcription 
of CHS, CHI, DFR, ANS, and LAR. Glc 0.2 M and 0.6 M 
and a mixture of Sue and Glc were found to negatively regu- 
late flavonoid biosynthetic genes (Fig. 4). It is reasonable to 
assume that the sugar-specific mechanisms active exist differ- 
ence in different plants, such as non-specific sugar responses 
in grape, and all induce anthocyanin biosynthesis and increase 
DFR expression. However, specific sugar responses exist in 
Arabidopsis and rice, and only Sue was able to strongly induce 
the transcription of flavonoid biosynthetic genes. Besides, the 
lower levels of gene transcripts in endosperm may be attributed 
to the suppression of flavonoid biosynthetic genes transcription 
by Glc in the endosperm. 

Solfanelliet al. 24 reported that down-stream genes in the fla- 
vonoid biosynthetic pathway were induced several hundred-fold 
by Sue, whereas genes upstream of DFR showed a lower induc- 
tion. In this study, the effect of Sue on flavonoid biosynthetic 
pathway gene expression did not appear to be region dependent, 
as expression levels were largely the same for the whole bio- 
synthetic pathway. Therefore, it is possible that differences in 
the regulatory elements of up-stream genes involved in sugar 
responses exist in different plants. Jeong et al. 39 reported that 
ethylene inhibits anthocyanin accumulation in Arabidopsis 
seedlings grown in the presence of Sue. The Arabidopsis pho 3 
mutant, which has a defective copy of the Sue transporter {Sue 
2) gene (encoding a phloem-loading Suc-proton symporter) 
leading to the accumulation of soluble sugars and starch, 
showed growth retardation and anthocyanin accumulation. 22 
Expression of the flavonoid biosynthesis pathway transcrip- 
tion factors PAP1 and PAP 2 result in enhanced CHS and 
DFR expression in Arabidopsis} 0 In Arabidopsis, DFR expres- 
sion is under the control of TT2, which interacts with TT8. 41 
Understanding the mechanism due to which up-stream fac- 
tors stimulate or suppress the accumulation of anthocyanins in 
response to Sue and Glc in rice continues to intrigue geneticists. 

In UV-B responses, a very short period of exposure could 
induce anthocyanin biosynthesis in rice. 12 Our research showed 
that white light could induce transcription of anthocyanin bio- 
synthetic gene, but it is not stronger. Therefore different light 
sources do affect the transcription levels of the gene ANS in rice. 
Moscoviciet al. 26 reported that light was essential for ANS and 
CHS expression in the detached corolla of petunia flowers. CHS 
gene induction showed a time-dependent increase during 24 h 
UV-A exposure in swollen hypocotyls of the red turnip "Tsuda" 
and anthocyanin accumulation was induced. 42 F3H, DFR, 
and ANS gene expression in sorghum mesocotyl dramatically 
decreased with light treatment, whereas that for CHS significantly 
increased. 25 It was observed that in Arabidopsis cell culture under 
low fluence white light resulted in very low CHS transcript levels 
induced in mature leaf tissue. 43,44 The flavonoid biosynthetic genes 
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CHS and CHI showed high transcript abundance in high-light 
Mitchell plants, with weak signals observed for DFR and ANS. 
In contrast, strong signals for DFR and ANS were detected in Lc 
plants came from Petuniaaxillaris x (Petuniaa.xilla.ris x Petunia) 
hybridacv'Rose of Heaven." 45 Our study showed that white light 
could induce the transcription of the entire flavonoid biosynthetic 
gene pathway; however, differences were observed in the degree 
of sensitivity and the required illumination time. Moreover, the 
flavonoid biosynthesis pathway response in different plants varies 
with the illumination source, at least for rice. Our results con- 
cur with the previous studies in Arabidopsis iiM and demonstrate 
that light differentially regulates the genes of the flavonoid bio- 
synthetic pathway. The differences in regulation of the flavonoid 
biosynthetic pathway are light dependent. Previous studies have 
shown that higher light intensities significantly stimulate CHS 
and CHI transcript levels while DFR and ANS were not suf- 
ficiently stimulated. 45 Our study demonstrated that white light 
stimulates the DFR transcripts more than any of the other flavo- 
noid biosynthetic genes, such as LAR, ANS, CHI, and so on. Our 
research paves the way for further understanding of the flavonoid 
biosynthetic pathway and provides novel resources for research on 
secondary metabolism in rice, especially on the elucidation of the 
processes involved in modulating antioxidant content in rice at a 
molecular level. 

Material and Methods 

The following japonica rice (Oryza sativa L.) lines were used 
for expression analysis of flavonoid biosynthesis genes in distinctly 
colored rice strains: white rice Nipponbare (improved, Japan), 
black rice Chinakuromai (semi-improved, China), red rice 
Tsukushiakamochi (improved, Japan), green rice Akunemochi 
(native, Japan), and were grown under natural conditions in the 
experimental fields of the Faculty of Life and Environmental 
Sciences, Prefectural University of Hiroshima, from May to 
September 2011. Root RNA was extracted from a mixture of late 
tillering stage tip and middle sections of the root. Sheath RNA 
was extracted during the early tillering stage. Tillering leaf RNA 
was extracted at the same time as the sheath RNA. Flag leaf RNA 
was extracted 7 d after flowering. Caryopsis RNA was extracted at 
3, 5, and 7 d after flowering, and endospermRNA was extracted 
at 7 d after flowering. 

Black rice (Chinakuromai) was grown in potting soil in a green 
house for 30 d; a portion of the plants were used for light treat- 
ment, the others for sugar treatment. 
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